1. Introduction {#sec0001}
===============

Immunization has been widely used in clinic to cure transmissible diseases. Commercial proteins are commonly delivered through injection with poor patient compliance. Oral protein delivery provides alternative way for immunization with good compliance and elicits immune responses at mucosal surfaces of intestine, where membranous cells (M cells) exist for about 1 out of 10 million epithelial cells [@bib0001]. Large quantities of antigen could be possibly recognized by M cells non-specifically, and then be transferred across tight epithelial cells to reach blymphocytes (B cells) at Peyer\'s Patches. Antigen be uptaken by Peyer\'s patches is an essential step in oral vaccination, it can induce both local and systemic immune response [@bib0002]. As M cells exist on mucosal surfaces of intestine, oral protein delivery is particularly suitable for inducing mucosal immunization. However, oral protein delivery faces major limitation of potential inactivation toward proteins. For example, proteins can be degraded by enzymes in gastrointestinal tract, and are unstable at low pH in stomach, which leads to lower oral bioavailability and further requirement of repeated administration of antigen [@bib0002]. Therefore, antigen protection, mainly protein protection, against inactivation factors such as low pH, enzyme, and bile salt, is the key to design oral protein delivery system. In the past, polymer nanoparticle-based delivery system made from polymethyl methacrylate, polyesters, polyamides, albumin, starch, chitosan, dextran, and etc. has shown to be promising for oral delivery of proteins [@bib0003], with some under consideration in clinical trials in Europe and United States [@bib0004]. There is still in great need of novel orally administered protein delivery system with improved antigen protection and immunization efficiency as well as safety [@bib0005].

One challenging problem associated with protein delivery is to overcome protein inactivation inside human body [@bib0006]. The possible reasons of protein inactivation include conformational change, covalent bond break, aggregation or precipitation [@bib0007]. Traditionally, additional excipients such as surfactant were added to prevent protein inactivation but causing adverse effect. For example, surfactant increases the rate of aggregation and drug oxidation and thus reduces shelf-time [@bib0007]. Therefore, novel excipients to protect protein from inactivation with fewer or no side effect are urgently needed. In this regards, both cyclodextrin (CD) and chitosan (CS) have emerged as new potential and promising excipients for increasing protein thermostability [@bib0008], inhibiting protein aggregation [@bib0009], and stabilizing protein against freeze-drying process [@bib0010]. The stabilizing effect of cyclodextrin can be rationalized by its structure, which consists of a hydrophilic outer surface and a hydrophobic central cavity. Protein residues from some amino acids such as phenylalanine, tyrosine, histidine, and tryptophan can be encapsulated in the cavity of cyclodextrin by non-covalent interactions, thus preventing protein aggregation without affecting its activity. Moreover, research also showed that cyclodextrin could inhibit the aggregation through retaining the tertiary structure of protein against denaturation induced by chemical factors or heat. Other researches indicated that cyclodextrin functions were similar to non-ionic surfactant for preventing protein degeneration. In addition, it has been demonstrated that β-cyclodextrin (β-CD) can also improve drug stability [@bib0011] and acquire sustained release profile [@bib0012]. For the above reasons, in this study, we use β-CD as the essential part to establish inclusion complexes for oral protein delivery.

Besides from cyclodextrin, chitosan, a biodegradable, biocompatible natural polymer with good bio-adhesive properties, is also widely used in pharmaceutics [@bib0013], [@bib0014], [@bib0015], [@bib0016]. Chitosan particles can improve the permeability of macromolecules through the epithelial tight junction and has shown in several reports to be able to encapsulate antigen and deliver to Peyer\'s Patches. For example, Lubben [@bib0017] prepared ovalbumin (OVA) loaded chitosan microparticles with higher loading efficiency by a precipitation/coacervation method, and the obtained chitosan microparticles could reach the Peyer\'s Patches according to *in vivo* experiment. In another report, Lubben [@bib0018] used chitosan microparticles for mucosal vaccination against diphtheria, and systemic as well as local immune responses were found in Balb/c mice. Moreover the drug could release from chitosan particulates in a controlled-release manner [@bib0019], [@bib0020].

Therefore, we firstly reported a novel oral protein delivery system based on nanoparticles constructed from cyclodextrin and chitosan. OVA, a protein with 385 amino acids and relative molecular mass of 45 kDa [@bib0021], was used as the model antigen to form OVA-CD inclusion complexes firstly by the stirring-freeze-dried method. The OVA-CD inclusion complexes loaded chitosan nanoparticles were prepared by a precipitation/coacervation method. OVA loaded nanoparticles were characterized by *in vitro* property studies including particle size distribution, encapsulation efficiency, loading efficiency and *in vitro* drug release studies. OVA-specific secretory IgA (sIgA) levels in intestinal mucosal and IgG levels in serum were determined by enzyme-linked immunosorbent assay (ELISA) to study immune response in Balb/c mice.

2. Materials and methods {#sec0002}
========================

2.1. Chemicals, reagents and animals {#sec0003}
------------------------------------

Chitosan (Mw = 110 kDa, 90.0% deacetylation degree) was purchased from Yuhuan Ocean Biochemical Co. Ltd (Hangzhou, China). β-CD was purchased from Sinopharm Chemical Reagent Co. Ltd (Shanghai, China). Carboxymethyl-β-cyclodextrin (CM-β-CD) and hydroxypropyl- β-cyclodextrin (HP-β-CD) were purchased from Zhiyuan Biotech Co. Ltd. (Binzhou, China). Ovalbumin was purchased from Sigma Aldrich (Munich, Germany). The microBCA protein assay kit was supplied by Beyotime Institute of Biotechnology Co. Ltd (Shanghai, China). Mouse IgG and sIgA ELISA Quantitation Kits were purchased from Elabscience Biotechnology Co. Ltd (WuHan, China). All other reagents used in this study were high performance liquid chromatography (HPLC) or reagent grade.

Balb/c mice (20 ± 2 g) used in the experiments were supplied by the Department of Experimental Animals at Nanjing CAVENS biotechnology Co. Ltd (Nanjing, China). The animal experiments were carried out in accordance with the guidelines evaluated and approved by the ethics committee of East China University of Science and Technology.

2.2. Synthesis of carboxymethyl-hydroxypropyl-β- cyclodextrin (CM-HP-β-CD) {#sec0004}
--------------------------------------------------------------------------

CM-HP-β-CD was synthesized as described in the reference with minor modifications [@bib0022]. Briefly, CM-β-CD (4.12 g) was dissolved in 100 ml sodium hydroxide (3%, w/w) in a round-bottomed flask equipped with a constant pressure funnel, a reflux condensing tube, and a thermograph. 1, 2-propylene oxide (86.5 mM) was added slowly into the flask over a period of about 2 h when reaction mixture was stirred in ice bath. After that, the reaction mixture was stirred at 25 °C for 24 h, then neutralized to pH 7 with hydrochloric acid followed by filtration. The filtrate was then dialyzed and freeze dried to obtain CM-HP-β-CD.

2.3. Characterization of CM-HP-β-CD {#sec0005}
-----------------------------------

^1^H NMR spectra of the CM-β-CD and CM-HP-β-CD were recorded on a Bruker AVANCE 400 spectrometer at 400 MHz using D~2~O as the solvent. The chemical shifts were reported in parts per million (ppm) and were referenced to the residual water signal (δ = 4.70 ppm). Fourier transformed infrared (FT-IR) analysis was performed on a Nicolet 6700 FT-IR spectrometer. CM-β-CD and CM-HP-β-CD samples were pressed with potassium bromide into a pellet before being placed in the sample cell.

2.4. Preparation and characterization of OVA-CD inclusion complexes {#sec0006}
-------------------------------------------------------------------

### 2.4.1. Preparation of OVA-CD inclusion complexes {#sec0007}

OVA-CD inclusion complexes in different stoichiometric molar ratio were prepared by an aqueous solution-stirring method and then dried by lyophilization. Briefly, different amount of β-CD, CM-β-CD, HP-β-CD or CM-HP-β-CD was weighed and dissolved in phosphate buffered saline (PBS), then the calculated amount of OVA was mixed thoroughly into solution under magnetic stirring for certain time to establishing equilibrium. The OVA-CD solution was then freeze-dried and reserved for further study.

### 2.4.2. Binding strength of OVA-CD complexes: stability constant {#sec0008}

UV spectra of OVA-CD inclusion complexes were obtained using an UV/VIS spectroscopy (TU-1800SPC) in the range from 250 to 400 nm. The stability constant (*K*~c~) was calculated according to literature procedure [@bib0023]. The Kc was calculated as follows [@bib0024]:$$1/\Delta A = 1/\left( {\Delta{\varepsilon\text{Kc}}\left\lbrack \text{OVA} \right\rbrack_{0}\left\lbrack \text{CD} \right\rbrack_{0}} \right){} + 1/\Delta\varepsilon\left\lbrack \text{OVA} \right\rbrack_{0}$$

Where ΔA represents for the difference of absorbance between inclusion complexes solution and OVA solution, \[CD\] represents for concentration of CD and \[OVA\] represents for concentration of OVA, Kc and Δε can be calculated by nonlinear least-squares regression analysis.

### 2.4.3. Stoichiometry determination of OVA-CD inclusion complexes {#sec0009}

The stoichiometry of OVA-CD inclusion complexes was determined by Job\'s plot. OVA and cyclodextrin mixed solution samples were prepared by keeping the total concentration of both components constant (\[*OVA*\] + \[*CD*\] = 10 mM), while changing the molar ratio of cyclodextrin to OVA as following: 4, 6, 8, 10, 12, 20 and 40. The solutions were allowed stirring for 4 h at room temperature, and UV absorbance at 280 nm was measured for all samples and the UV absorbance differences (ΔA = A--A~0~) between each sample (A) and reference OVA sample (A~0~, \[OVA\] = 10 mM) were calculated and plotted *versus* the molar ratio of CD/OVA. The ratio corresponds to the maximum value of ΔA was regarded as the stoichiometric ratio of the OVA-CD inclusion complex.

### 2.4.4. Molecular docking {#sec0010}

The x-ray crystal structure of ovalbumin (PDB ID:1OVA) was retrieved from Protein Data Bank ([www.rcsb.org](http://www.rcsb.org){#interref787a}), while the structure of β-CD was extracted from the crystal structure of β-CD complex obtained from Protein Data Bank (PDB ID:3CGT). The water molecules have been removed from the 1OVA.pdb crystal structure prior to docking study and hydrogen atoms were added to ovalbumin crystal structure. A single molecule β-CD structure was geometrically optimized using the semi-empirical PM3 method according to lecture [@bib0025]. The optimized single β-CD structure was then used as the ligand in all docking processes. Molecular docking of β-CD to the insulin model was carried out using the AutoDock v4.2 software package [@bib0026], [@bib0027]. Gasteiger charges were computed for each of the molecules. The grid maps were prepared using a 40 × 40 × 40 grid box with the distance between two grid points set at 0.375 Å centering on ovalbumin. All rotational bonds in β-CD were set free, while those of ovalbumin were held rigid. The docking studies were carried out using the empirical free energy function and applying the standard protocol of the Lamarckian Genetic Algorithm (LGA). A total of 100 independent docking runs were carried out for each docking processes with a maximum number of 27 000 generations, a mutation rate of 0.02, a crossover rate of 0.08 and an elitism value of 1. The final lowest docked energy conformation is then used for the next run with another β-CD and the docking studies were repeated until the maximum number of β-CD yield a positive binding free energy value.

### 2.4.5. SEM images of OVA-CD inclusion complexes {#sec0011}

Morphological analysis of OVA-CD inclusion complexes was performed by JEM-6360 LV scanning electron microscope (SEM) (JASCO, Japan). Samples were weighted and placed on brass plate, and observed after plated with a thin layer of gold.

2.5. Preparation of OVA loaded CD/CS nanoparticles {#sec0012}
--------------------------------------------------

Chitosan nanoparticles were prepared by a precipitation/coacervation method as described in the reference with minor modifications [@bib0018]. Briefly, to a 0.25% (w/v) chitosan glacial acetic acid solution, Tween-80 was added to a final concentration of 1%. Then, sodium sulfate solution (10%, w/v, 0.2 ml) was added dropwise to the chitosan solution with magnetic stirring and ultrasonic for 30 min to form chitosan nanoparticles.

OVA loaded chitosan nanoparticles and CD/CS nanoparticles were prepared by the following procedure. Briefly, chitosan nanoparticles were resuspended in PBS solution, then OVA or OVA-CD (β-CD or CM-HP-β-CD) inclusion complexes was added into the solution at 25 °C with stirring at 50 rpm for 3 h. The nanoparticle solution was freeze-dried to obtain dry nanoparticles.

2.6. Morphological characterization of OVA loaded CD/CS nanoparticles {#sec0013}
---------------------------------------------------------------------

The particle size and zeta potential of chitosan nanoparticles in aqueous solution were measured using Delsa Nano dynamic light scattering (DLS) (Beckman Coulter Inc, USA) equipped with 4 mW He-Ne laser at a wave length of 633 nm at room temperature. The morphological evaluation of OVA loaded CM-HP-β-CD/CS nanoparticles was performed with transmission electron microscope (TEM). TEM images were taken on JEM-2010 (JEOL, Japan). The sample was stained with 2% (w/v) phosphotungstic acid before dropped on a copper grid.

2.7. Entrapment efficiency, loading efficiency and stability study {#sec0014}
------------------------------------------------------------------

To determine OVA entrapment and loading efficiency, OVA loaded CD/CS nanoparticles were centrifuged after preparation and the supernatant was collected. The concentration of OVA in supernatant was determined by microBCA according to supplier\'s instructions. The entrapment efficiency (EE) and loading efficiency (LE) were calculated as follows:$$\begin{array}{ccl}
 & & {{\text{Entrapment}\mspace{6mu}\text{efficiency}\mspace{6mu}}\left( \% \right)} \\
 & & {\quad = \frac{{\text{total}\mspace{6mu}\text{amount}\mspace{6mu}\text{of}\mspace{6mu}\text{OVA}} - {\text{free}\mspace{6mu}\text{amount}\mspace{6mu}\text{of}\mspace{6mu}\text{OVA}\mspace{6mu}}}{\text{total}\mspace{6mu}\text{amount}\mspace{6mu}\text{of}\mspace{6mu}\text{OVA}} \times \mspace{6mu} 100\%} \\
\end{array}$$$$\begin{array}{ccl}
 & & {{\text{Loading}\mspace{6mu}\text{efficiency}\mspace{6mu}}\left( \% \right)} \\
 & & {\quad = \frac{{\text{total}\mspace{6mu}\text{amount}\mspace{6mu}\text{of}\mspace{6mu}\text{OVA}} - {\text{free}\mspace{6mu}\text{amount}\mspace{6mu}\text{of}\mspace{6mu}\text{OVA}\mspace{6mu}}}{\text{weight}\mspace{6mu}\text{of}\mspace{6mu}\text{nanoparticles}} \times \mspace{6mu} 100\%} \\
\end{array}$$

The chitosan nanoparticles, OVA loaded CS nanoparticles and OVA loaded CD/CS nanoparticles were freshly prepared at pH 6.0 with optimized reaction condition and preserved at 4 °C. Samples were collected at different time points up to one month. The size distribution of nanoparticles was measured by DLS. The stability of chitosan nanoparticles and OVA loaded CS nanoparticles were also investigated at pH 1.2 at room temperature for 2 h.

2.8. In vitro drug release of OVA loaded CD/CS nanoparticles {#sec0015}
------------------------------------------------------------

The *in vitro* drug release from the OVA loaded CS nanoparticles and OVA loaded CD/CS nanoparticles were studied in solution sequentially at pH 1.2 and pH 6.8 to simulate the pH environment in the fasting stomach and then the small intestine. Briefly, the prepared nanoparticles were resuspended in solution at a concentration of 0.1% (w/v), then the solution was incubated in 37 °C at 100 rpm. After shaken for 0.5, 1 and 2 h at pH 1.2, and then 0.5, 1, 2, 4, 8, 12, 24, 48 and 72 h at pH 6.8 in the vessel, a 200 µl aliquot was sampled and refilled with an equal volume of fresh medium correspondingly. Each aliquot sample was then centrifuged (10 000 rpm for 5 min) in a plastic tube to separate the supernatant for further determination of released OVA concentration in supernatant by microBCA assay.

2.9. In vivo immunization experiments and determination of serum IgG and siga {#sec0016}
-----------------------------------------------------------------------------

Twenty male Balb/c mice were randomly divided into five groups, which were treated with OVA solution, OVA loaded CS nanoparticle, OVA loaded β-CD/CS nanoparticle, OVA loaded CM-HP-β-CD/CS nanoparticle and saline as control group. OVA containing solutions were prepared by dissolving the OVA or OVA loaded nanoparticles in PBS (w/v, 200 µg OVA-equivalent) and were administered after fasting for 24 h to mice orally (0.2 ml/mouse) for immunization [@bib0028]. Each mouse received immunization on day 0 and day 7 with different OVA formulations shown above. The immunization dosage on day 7 was doubled to ensure positive immune response. Blood samples (200 µl) were taken from the orbital sinus on day 14 and day 21, and the serum was isolated by centrifugation (10 000 rpm, 4 °C) and stored at −20 °C for IgG level analysis. The mice were then sacrificed after the blood samples were taken on day 21, then 5 cm of jejunum or ileum was cut as samples, supernatant was collected to test the OVA-specific sIgA by tissue homogenation, centrifugation (10 000 rpm, 4 °C) and stored at −20 °C until sIgA levels in intestine was analyzed. The OVA-specific IgG in serum and OVA-specific sIgA were examined by ELISA according to supplier\'s instructions.

2.10. Statistical analysis {#sec0017}
--------------------------

Multiple group comparisons were conducted using one-way analysis of variance (ANOVA). All data analysis was executed using the IBM SPSS Statistics 17.0. All data were presented as a mean value with its standard deviation indicated (mean ± SD). *P*-values less than 0.05 were considered to be statistically significant.

3. Results and discussion {#sec0018}
=========================

3.1. Synthesis and characterization of CM-HP-β-CD {#sec0019}
-------------------------------------------------

[Fig. 1](#fig0001){ref-type="fig"}A included the ^1^H NMR spectrum and the complete peak assignments for the CM-β-CD. The solvent peak of D~2~O was found at 4.79 ppm. The peaks at 5.07 ppm and 3.40--4.30 ppm were assigned to the protons of carbon1-6 in β-CD segments, respectively. The peaks at 5.28 ppm were attributed to -CH~2~- of the carboxymethyl (CM) group in CM-β-CD. Compared with CM-β-CD, characteristic peak of CM-HP-β-CD at δ (ppm) = 1.13--1.15 (methyl group(-CH~3~) in hydroxypropyl (HP)) ([Fig. 1](#fig0001){ref-type="fig"}B) was observed, suggested that HP had been introduced to CM-β-CD. It could be calculated from ^1^H NMR integration that average molar substitution of HP and CM was 2.9 and 5.7, respectively. The FTIR spectra of CM-β-CD and CM-HP-β-CD are shown in [Fig. 1](#fig0001){ref-type="fig"}C. The strong absorption peaks at 1594 cm^−1^, 1419 cm^−1^, and 1328 cm^−1^ were from ether group, and absorption at 3440 cm^−1^ was due to the alcoholic hydroxyl group in the CM-β-CD. In the IR spectrum of CM-HP-β-CD, the intensity of C---H stretch band at 2929/cm^−1^ increased, which could be attributed to the methylene group in the CM side chain. Evidences from ^1^H NMR and IR spectra demonstrated the successful synthesis of CM-HP-β-CD.Fig. 1The ^1^H NMR spectrum of CM-β-CD (A) and CM-HP-β-CD (B) and FT-IR spectrum of CM-β-CD and CM-HP-β-CD (C).Fig 1

3.2. Characterization of OVA-CD inclusion complexes {#sec0020}
---------------------------------------------------

The OVA-CD inclusion complexes were prepared by the stirred-freeze-drying method. UV spectra (250 to 400 nm) were measured at different molar ratio of OVA to cyclodextrin ([Fig. 2](#fig0002){ref-type="fig"}). The decrease of the ratio OVA/cyclodextrin was accompanied with increase of UV absorbance at around 280 nm, suggesting that increased amount of inclusion complex was formed between aromatic amino acid residues of OVA and cyclodextrin molecules. The stability constants (*K*~c~ values) of OVA-CD inclusion complexes are summarized in [Table 1](#tbl0001){ref-type="table"}. *K*~c~ values of CM-β-CD and HP-β-CD could not be obtained by this method due to too small UV absorbance differences at various OVA to cyclodextrin ratios ([Fig. 2](#fig0002){ref-type="fig"}B and C), which suggested that CM-β-CD and HP-β-CD have low binding efficiency with OVA. As β-CD and CM-HP-β-CD bound to OVA more strongly, they were selected to prepare OVA-CD inclusion complexes for further studies.Fig. 2UV-VIS spectra of OVA and β-CD (A), CM-β-CD (B), HP-β-CD (C) and CM-HP-β-CD (D) at different molar ratio of OVA/cyclodextrin.Fig 2Table 1The results of Kc between OVA and cyclodextrin in the PBS buffer.Table 1CyclodextrinLinear equation*R*^2^Kc (M^−1^)β-CDY = 0.0018X + 6.24440.96103.5 × 10^3^CM-β-CDN.AN.AN.AHP-β-CDN.AN.AN.ACM-HP-β-CDY = 0.0053X + 109.740.99912.1 × 10^4^[^1]

The stoichiometry of complex formation between OVA and either β-CD or CM-HP-β-CD was also determined. As shown in [Fig. 3](#fig0003){ref-type="fig"}A and B, when the molar ratio of cyclodextrin to OVA reached 10, it reached the maximum absorbance difference, which indicates formation of 1:10 inclusion complexes between OVA and β-CD or CM-HP-β-CD. The molecular docking study was performed and the 3D structure of the OVA-β-CD formation with binding sites is shown in [Fig. 3](#fig0003){ref-type="fig"}C. The interaction between conformation of OVA and β-CD at binding sites was analyzed by PyMOL. The docking results indicate that the 1:9 OVA/β-CD formation produces the most stable conformation in which β-CD form hydrophobic interactions with a total of 9 amino acids that are Asn86, Lys89, Lys186, Glu196, Glm226 and Trp274 on chain A, Lys58, Glu89 and Tyr94 on chain B. This result is in agreement with the result of stoichiometry of complex formation.Fig. 3Changes of the difference in the absorbance as the ratio of β-CD/OVA (A) and CM-HP-β-CD/OVA (B). The 3D structure of OVA-β-CD inclusion complex formation that indicates nine β-CD molecule (red structure) binding on one OVA molecule (green structure) (C).Fig 3

The SEM images showed morphology of OVA, β-CD, CM-HP-β-CD, OVA-β-CD inclusion complex, and OVA-CM-HP-β-CD inclusion complex ([Fig. 4](#fig0004){ref-type="fig"}). SEM images OVA-CD inclusion complexes ([Fig. 4](#fig0004){ref-type="fig"}D and E) presented both characteristics of OVA ([Fig. 4](#fig0004){ref-type="fig"}C) and the cyclodextrin that they were derived ([Fig. 4](#fig0004){ref-type="fig"}A and B), suggesting OVA was successfully encapsulated.Fig. 4The SEM photographs of β-CD (A), CM-HP-β-CD (B), OVA (C), OVA-β-CD inclusion complex (D) and OVA-CM-HP-β-CD inclusion complex (E).Fig 4

Interestingly, UV/Vis spectra of inclusion complexes ([Fig. 2](#fig0002){ref-type="fig"}) showed the maximum absorption peak of OVA-CD inclusion complexes around 280 nm red-shifted slightly with increasing amount of cyclodextrin. This can be concluded that the increasing amount of cyclodextrin coupling on the surface of OVA, leading to an increased shielding effect on the amino acid residue of the protein [@bib0029].

3.3. Preparation and characterization of CD/CS nanoparticles {#sec0021}
------------------------------------------------------------

Several series of chitosan nanoparticles were prepared at different conditions by a precipitation/coacervation method and optimized by single-factor method. Encapsulation efficiency (EE) and loading efficiency (LE) were then investigated by microBCA. The optimized loading efficiency of OVA loaded nanoparticles of CS, β-CD/CS, and CM-HP-β-CD/CS were 30.9%, 27.6% and 20.4%, respectively, and the corresponding particle sizes were 213.6, 836.3 and 779.2 nm, respectively. Compared with the OVA-loaded chitosan nanoparticles, the size of OVA-loaded CD/CS nanoparticles increased significantly. It can be speculated that during the preparation process, some of the OVA complex bound to the outer surface of particles, and particles aggregated together through protein and form a stable structure of nanoparticles. The possible mechanism in formation of OVA loaded CD/CS nanoparticles was illustrated in [Fig. 5](#fig0005){ref-type="fig"}. The TEM image in [Fig. 6](#fig0006){ref-type="fig"}A showed the spherical and uniform morphology of the OVA loaded β-CD/CS nanoparticles.Fig. 5The possible formulation mechanism of OVA loaded β-CD/CS nanoparticles.Fig 5Fig. 6TEM photograph of the OVA loaded β-CD/CS nanoparticles (A). Size changes in CD/CS nanoparticles during one month-storage at pH 6.0 at 4 °C in PBS (B) (n = 3).Fig 6

3.4. Stability study {#sec0022}
--------------------

The time-dependent stability of chitosan nanoparticles, OVA loaded CS nanoparticles, OVA loaded β-CD/CS nanoparticles and OVA loaded CM-HP-β-CD/CS nanoparticles was investigated at 4 °C, and particle size was measured in specific time points by DLS analysis as shown in [Fig. 6](#fig0006){ref-type="fig"}B. No significant particle size changes of chitosan nanoparticles, OVA loaded CS nanoparticles and OVA loaded CM-HP-β-CD/CS nanoparticles were observed up to 30 d, indicating that all these nanoparticles were stable within 30 d. The small amount of increase in the particle size of OVA loaded β-CD/CS nanoparticles after 20 d was acceptable, which may be caused by shielding effect of β-CD leading to lower electrostatic force between amino acid residue and chitosan. Moreover, we test the residual percent of OVA in CD/CS nanoparticles, 93.7% of OVA was retained in nanoparticles on day 30. The results suggested that OVA loaded chitosan nanoparticles were more stable than chitosan nanoparticles without OVA in acidic medium, likely due to stabilization effect of protein corona through OVA coated on the surface of nanoparticles by electrostatic interaction, which can protect chitosan from degradation by gastric acid.

3.5. In vitro drug release of OVA loaded CD/CS nanoparticles {#sec0023}
------------------------------------------------------------

The *in vitro* drug release profiles of OVA loaded CD/CS nanoparticles were investigated in solution at pH 1.2 for 2 h and pH 6.8 for 72 h sequentially at 37 °C to simulate the pH environment of the fasting stomach and then the small intestine ([Fig. 7](#fig0007){ref-type="fig"}). Both OVA loaded CS nanoparticles and OVA loaded CD/CS nanoparticles had similar sustained release profile in both pH environment, which showed an initial burst in the first hour likely due to desorption of the OVA on the surface of chitosan nanoparticles, followed by a delayed release. The total amount of OVA released from the OVA loaded CS nanoparticles and OVA loaded CD/CS nanoparticles were less than 3% within 2 h at pH 1.2, indicating that most of OVA protein molecules were loaded deep inside nanoparticles that can keep OVA survived in the initial 2 h in the fasting stomach *in vivo*. Therefore, the relative low initial burst release at pH 1.2 is a favored property for oral immunization. In the following 72 h at pH 6.8, the amount of OVA released from the OVA loaded CS nanoparticles, OVA loaded β-CD/CS nanoparticles and OVA loaded CM-HP-β-CD/CS nanoparticles was 31.5%, 21.4% and 17.3%, respectively, indicating that incorporation of cyclodextrin in nanoparticles efficiently slowed down the rate of OVA release. This phenomenon could be rationalized by stronger encapsulation of OVA inside nanoparticles through formation of OVA-CD inclusion complexes.Fig. 7*In vitro* release of OVA from OVA loaded CS nanoparticles and OVA loaded CD/CS nanoparticles in PBS at pH 1.2 (A) and at pH 6.8 (B) at 37 °C (n = 3).Fig 7

3.6. In vivo immune responses {#sec0024}
-----------------------------

The OVA-loaded nanoparticles were administered orally to Balb/c mice ([Fig. 8](#fig0008){ref-type="fig"}A). OVA-specific IgG levels in serum and sIgA levels in intestinal were determined by ELISA. As shown in [Fig. 8](#fig0008){ref-type="fig"}B and C, compared with the mice group treated with OVA solution, the OVA loaded CD/CS nanoparticle and OVA loaded CS nanoparticle mice groups had increased OVA-specific IgG level in serum after oral administration for 14 and 21 d The OVA-specific IgG levels increased more significantly on day 14 with about 1.3-fold, 1.7-fold and 1.9-fold increase for OVA loaded CS, β-CD/CS, and CM-HP-β-CD/CS nanoparticle treated mice group, respectively. The results indicated that chitosan-derived nanoparticles could enhance the bioavailability of OVA at small intestine, likely caused by protection of OVA from inactivation due to low pH and enzymes in the gastrointestinal tract. The results were also in agreement with literature [@bib0030], [@bib0031]. The elevated level of IgG was also observed for the OVA loaded CS and CD/CS nanoparticle treated groups compared with the OVA solution group at statistically significant level on day 21 (*P *\< 0.05).Fig. 8Schematic diagram of mice immunization with OVA loaded CD/CS nanoparticles (A). The level of OVA-specific sIgA in jejunum (B) and ileum (C) mucosa 21 d, and mouse OVA-specific IgG in serum 14 d (D) and 21 d (E), after the first time orally given OVA-loaded nanoparticles (n = 4). \**P *\< 0.05, \*\* *P* \< 0.01, \*\*\* *P* \< 0.001 compared with OVA solution; ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01, ^\#\#\#^*P* \< 0.001 compared with OVA loaded CS nanoparticles.Fig 8

In [Fig. 8](#fig0008){ref-type="fig"}D and E, elevated OVA-specific slgA level was also found in OVA-loaded nanoparticle groups. Compared with the OVA solution group, OVA-specific sIgA level in jejunum of the OVA-loaded CS, β-CD/CS, and CM-HP-β-CD/CS nanoparticle treated groups increased about 1.9-fold, 3.6-fold and 3.0-fold on day 21, respectively. The corresponding values in ileum on day 21 were 1.4-fold, 2.3-fold and 2.1-fold, respectively, which are in accordance with previous research [@bib0031]. Moreover, the higher level of OVA-specific sIgA observed in jejunum than in ileum was likely caused by the phagocytosis of M-cells mainly occurred in jejunum and thus produced a higher level of OVA-specific sIgA [@bib0032]. Besides, increased sIgA level in groups of mice treated with nanoparticles with cyclodextrin in both jejunum and ileum clearly shows the synergetic effect of cyclodextrin and chitosan. It is reported that cyclodextrins have no effect on the oral administration of proteins and neither have any promising effects as adjuvants [@bib0033]. Here, cyclodextrin probably function as stabilizer to protect the loaded protein from acidic and enzymatic degradation in the gastrointestinal tract through formation of inclusion complex. The results showed OVA loaded CD/CS nanoparticles exhibited a more delayed OVA releasing than OVA loaded chitosan nanoparticles, which might help to maintain OVA higher concentration in both jejunum and ileum, this probably attributed to the chitosan nanoparticles matrix erosion or degradation firstly, and the second release from cyclodextrin inclusion complexes after OVA loaded CD/CS nanoparticle transferred across tight epithelial cells to reach B cells at Peyer\'s Patches and induce both local and systemic immune response [@bib0032]. Overall, both the stabilization effect and the slower release profile due to cyclodextrin incorporation were responsible the increased OVA bioavailability found in OVA loaded CD/CS nanoparticle treated mice. Moreover, CD/CS nanoparticle has previously reported to be able to efficiently protect OVA and retain the protein\'s activity from gastric acid in stomach, facilitating the protein absorption through nanoparticle decomposition after reaching the Peyer\'s patches [@bib0034]. The released OVA could reach lymphoid tissue to induce immune response [@bib0035], [@bib0036]. Besides, cyclodextrin itself might trigger innate immune response at jejunum and ileum as the immunization adjuvant [@bib0037]. Overall, CD/CS nanoparticles reported herein showed great potentials as a novel oral protein delivery system to induce mucosal and systemic immune response *in vivo*.

4. Conclusion {#sec0025}
=============

A novel oral protein delivery system, OVA-loaded CD/CS nanoparticles, was successfully prepared by a precipitation/coacervation method with enhanced oral absorption, penetration and improvement of OVA stability from cyclodextrin and chitosan. The formation of OVA-CD inclusion complexes was verified by molecular docking. OVA loaded CD/CS nanoparticles had uniform particle size and exhibited higher OVA encapsulation efficiency and slower drug release rate *in vitro*. More importantly, *in vivo* evaluation results showed OVA loaded CD/CS nanoparticles could enhance its efficacy in inducing intestinal mucosal immune response. Thus, we consider that CD/CS nanoparticles can be used as a promising oral antigen delivery system to improve the immunogenicity of oral protein delivery.
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